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Background
Chronic infection with hepatitis C, genotype 2 ⁄ 3, responds better than other genotypes to peginterferon and ribavirin treatment. We hypothesized that a lower dose of peginterferon would be as effective, but less toxic than standard doses.
Aim
To test the hypothesis that a lower dose of peginterferon would be as effective as, but less toxic than, standard doses.
Methods
A total of 30 patients were treated with low-dose peginterferon alfa-2a (90 lg ⁄ week) and 27 patients with standard doses (180 lg ⁄ week) for 24 weeks in combination with 800 mg ⁄ day of ribavirin. Patients who failed treatment were offered 48 weeks of standard-dose treatment. Viral and serum inducible protein 10 (IP-10) levels were measured and early viral kinetic parameters were calculated.
Results
Sustained virological response was achieved in 68% of the low-dose and 87% of the standard-dose patients (per protocol, P = 0.79 for noninferiority). Re-treatment was successful in all patients who tolerated full dose and duration. The standard-dose group had greater first-phase declines of viral levels and faster time to negativity. The second-phase slope was not dose-dependent. IP-10 induction was significantly greater with the standard dose. Although fatigue and general feeling during treatment were worse for standard dose, haematological toxicity and depression did not differ between groups.
Conclusion
A lower dose of peginterferon is associated with some symptomatic benefit, but the response is not equivalent to standard dosing.
INTRODUCTION
Chronic infection with hepatitis C virus (HCV) is estimated to affect 2% of the world population 1 and is a leading cause of liver-related mortality and HCC. 2 Of the six major genotypes, genotype 1 is the most prevalent in the western world, while genotypes 2 and 3 affect a lesser proportion. 3 These genotypes are more prevalent in south-east Asia and the Indian sub-continent, where they may have originated. 4 Although genotypes do not differ in respect to pathogenicity, their response to interferon therapy is strikingly different; patients infected with genotype 2 or 3 achieve higher rates of sustained virological response (SVR) with a shorter course of therapy and a lower dose of ribavirin than that required for genotype 1.
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The greater responsiveness of genotypes 2 and 3 to interferon therapy prompted attempts to modify further their treatment regimen, attempting to reduce side-effects and costs and improve tolerability and compliance. Although a shortened, 16-week treatment course was initially suggested to be equivalent to 24 weeks of treatment, a recently published large randomized trial demonstrated that the shorter course was less effective. 6, 7 The alternative approach is through reduction in medication dose. Several large studies, using peginteferon alfa-2a or alfa-2b alone 8, 9 or in combination with ribavirin, 10 demonstrated similar response rates for standard and lower (135 lg ⁄ week, 1.0 or 0.5 lg ⁄ kg ⁄ week respectively) doses of peginterferon in patients with genotype 2 ⁄ 3 infection. We hypothesized that treatment with a low-dose regimen of peginterferon combined with ribavirin can preserve the efficacy of the full dose, while reducing side effects and potentially, treatment cost.
Mathematical modelling of the early kinetics of interferon response demonstrated a typical biphasic pattern of response, and parameters derived from this model are thought to reflect different facets of interferon action. From these parameters, one can estimate the efficiency of interferon in blocking viral replication and the rate of loss of infected cells. 11 Interferon is thought to act through induction of interferon-stimulated genes (ISGs), although the actual effector ISGs are yet to be identified. It was previously shown that patients with baseline increased ISG expression are less likely to respond to treatment. 12 This is thought to reflect near-maximal, but ineffective, activation of the interferon response system and inability to mount further responses to exogenous interferon. [13] [14] [15] We hypothesized that dose-dependent changes in early viral kinetics and their effect on serum levels of a representative ISG will help elucidate the mechanism of altered responsiveness and the effects of peginterferon dose. For that end, we calculated parameters of early viral kinetics and measured serum interferon gamma inducible protein 10 (IP-10), an ISG for which baseline serum levels are known to be associated with response rates.
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PATIENTS AND METHODS
Study design
A prospective, open-label, controlled study to evaluate whether low-dose peginterferon and ribavirin would result in similar efficacy, but improved tolerability compared to standard therapy. The primary end point was achievement of SVR, defined as HCV RNA negativity in the serum, 24 weeks after treatment cessation.
Entry criteria
Adult, treatment-naïve patients with HCV genotype 2 or 3 infection and detectable serum HCV RNA were eligible for inclusion. Exclusion criteria included severe systemic disease, human immunodeficiency virus co-infection, other liver diseases, pre-existing bone marrow dysfunction and contraindications for peginterferon or ribavirin. An elevated level of alanine aminotransferase (ALT) was not required for eligibility. Patients (from both groups) who did not become HCV RNA negative by week 12 of treatment were defined for the purpose of this study as nonresponders. This deviation from the standard definition was based on the observation that virtually all patients with genotype 2 ⁄ 3 infection become HCV RNA negative by 12 weeks. These nonresponders and patients who relapsed (i.e. had serum HCV RNA reappearance after treatment cessation) after treatment were offered extended therapy (ET) with standard doses of peginterferon and ribavirin for 48 weeks. The response to ET was analysed separately. The study design is outlined in Figure S1 .
Treatment and patients
Patient monitoring
HCV RNA was qualitatively tested using PCR (Roche Amplicor; Roche Molecular Systems, Pleasanton, CA, USA) with a lower limit of detection of 50 International Units (IU) ⁄ mL. Positive samples were quantified using a quantitative PCR assay (Cobas Amplicor HCV Monitor; Roche Molecular Systems) with a lower limit of detection of 600 IU ⁄ mL. After January 2007, HCV RNA was assessed using Taqman real-time PCR with a lower limit of detection of 15 IU ⁄ mL. A complete blood count was obtained on every visit. The peginterferon dose was reduced for an absolute neutrophil count <500 ⁄ mL or a platelet count <50 000 ⁄ mL; a haematocrit below 30% mandated ribavirin dose reduction. A visual analogue scale (VAS) was used at each visit to quantify the severity of common side-effects, including fatigue and general well-being, with scores ranging continuously from 0 (best) to 10 cm (worst). Depression was assessed at baseline and at weeks 12, 24 and 48 using the Center for Epidemiologic Studies Depression (CES-D) questionnaire (score range 0-60). 19 
Viral kinetics
Viral kinetic parameters were calculated as previously reported for standard interferon 11 and modified for pegylated interferon. 20 The first-phase decline was defined as the decrease in log-transformed viral levels from baseline to day 2. The second-phase slope is usually defined as the slope of the linear regression of quantifiable log-transformed HCV RNA levels on days 7, 14 and 28. However, this method does not apply to rapid responders, who become HCV RNA negative (or nonquantifiable) at week 2 or earlier, for whom the 'classic' slope calculation would underestimate the true slope and bias against detecting a difference between groups. To estimate better the true slope, we calculated the minimal possible slope by assigning the sensitivity cut-off value of the relevant assay to the first nonquantifiable result. For example, a negative result with the real-time PCR assay (with a sensitivity of 15 IU ⁄ mL) was assigned a value of 15 IU ⁄ mL for the calculation. When the first nonquantifiable value was on day 9, the slope was calculated from days 2 to 9.
Liver biopsies
A liver biopsy was not required for enrolment, but was performed in some patients for clinical purposes, or as part of natural history protocols. A sample from all liver biopsies obtained at the NIH Clinical Center is routinely flash-frozen in liquid nitrogen and stored at )80°C.
IP-10 measurement
Serum samples, obtained before treatment and on days 0, 2 and 7, were stored at )80°C until assayed. IP-10 levels were measured using a solid-phase ELISA kit (Quantikine; R&D systems, Minneapolis, MN, USA) according to the manufacturer's instructions. In preliminary analyses, a negative correlation was found between the measured IP-10 level and time in storage ( Figure S2 ), suggesting time-dependent degradation. To correct for this effect, we analysed IP-10 levels from 50 untreated patients with chronic hepatitis C, genotype 1, collected during a similar time period, and fit a linear regression line to them. We used the parameters of this regression to correct the measured IP-10 levels from the genotype 2 or 3 patients using the equation: IP-10 corrected = IP-10 measured + 0.09854 · t, where t represents the time (in days) in storage. All IP-10 levels reported are corrected values. Frozen liver biopsy samples were thawed and RNA was extracted using EasyRNA mini kit (QIAGEN, Valencia, CA, USA). After reverse transcription, Taqman real-time PCR was performed to quantify levels of IP-10 and GAPDH mRNA (Applied Biosystems Inc., Foster City, CA, USA).
Statistical analyses
Continuous variables were compared using Student's t-test (for normally distributed variables) or MannWhitney's U-test. Fisher's exact test and Pearson's v 2 were used when appropriate. Cox regression was used for time-to-event analyses. Significance testing for non-inferiority was performed using the normal approximation solution corrected for continuity. 21, 22 A maximal difference in efficacy of 10% was chosen as an acceptable margin. IP-10 levels were log-transformed to obtain a normal distribution. A two-tailed P-value of <0.05 was considered statistically significant for all secondary analyses.
Data were analysed using Microsoft Excel, SPSS version 13 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 4.0c (GraphPad Software, La Jolla, CA, USA).
Ethical approval and consent
The original design of the study and its modification on February 2005 were approved by the NIDDK Institutional Review Board and the protocol was conducted under an IND held by the senior investigator (JHH, IND 10168). All patients gave written informed consent. The study was registered on clinicaltrials.gov (NCT00056862).
RESULTS
Patient characteristics
A total of 31 patients were enrolled in the LD and 27 in the SD group. One patient assigned to LD mistakenly injected the standard dose of peginterferon for several weeks and was omitted from further analysis. There were no significant differences at baseline between the two treatment groups, although there was a trend for greater proportion of HCV genotype 3 infection in the SD group (Table 1) .
Treatment results
Patients in the SD group demonstrated numerically higher rates of SVR and lower rates of relapse on intention-to-treat and per-protocol analyses ( Table 2 ). The null hypothesis of LD inferiority by more than 10% could not be rejected in either analysis (difference in SVR rates = 19.1%; 95% CI = )41.2 to +0.03; P = 0.79).
Retreatment results
Of 11 patients who failed to achieve an SVR with LD treatment, eight were retreated for 48 weeks using ET. Two (25%) patients could not tolerate the full dose and duration of ET and did not achieve an SVR. All six patients (two nonresponders and four relapsers) who were able to tolerate a full ET course achieved an SVR. Of the three patients who failed SD treatment, two (one relapser and one nonresponder) received ET; both had an SVR. Including ET, the final SVR rate was 83% for the LD arm (25 ⁄ 30 patients) and 85% for SD (23 ⁄ 27, intention-to-treat). In both groups, all patients who failed to achieve an SVR were either intolerant of therapy or were lost to follow-up.
Viral kinetics
The change in HCV RNA levels over time is shown in Figure 1a . From day 2 to week 4 of treatment, the average viral level was significantly lower in the SD group than in the LD group. In subsequent days, as more patients from the LD group became HCV RNA negative, the difference disappeared. Patients treated with SD became HCV RNA negative earlier on treatment (Figure 1b ; P = 0.041 by Cox regression analysis). The first-phase decline in HCV RNA levels was significantly greater for the SD group (Table 3) . The second-phase slope was calculable for 29 ⁄ 30 (97%) of LD patients and 21 ⁄ 27 (78%) of SD and did not significantly differ between the groups (Table 3) .
The parameters of viral kinetics in both groups differed from those of a similar cohort of patients infected with HCV genotype 1 being treated in a parallel study. 23 For the genotype 1 infected patients, the average first-phase decline was )0.66 log (P = 0.046 when compared with LD, P < 0.001 when compared with SD) and the second-phase slope was 0.46 log ⁄ week (P < 0.001 and P < 0.001 compared with LD and SD respectively). Viral kinetic parameters predicted SVR, irrespective of the peginterferon dose used. ROC analysis revealed that the first-phase decline (AUC = 0.853, P = 0.02, Figure 1c ) and the second-phase slope (AUC = 0.953, P < 0.001, Figure 1d ) significantly predicted SVR. The second phase was particularly predictive in the LD group; patients with a slope of less than )0.75 log ⁄ week were unlikely to achieve an SVR.
Patients who had failed initial LD treatment and were treated subsequently with ET had superior kinetics with the higher dose of peginterferon ( Figure S3a-c) . In contrast, a patient who relapsed after SD therapy and was re-treated with ET demonstrated similar response curves for both courses ( Figure S3d ).
IP-10 levels
Baseline serum IP-10 levels did not differ between the two groups (P = 0.218). The baseline IP-10 correlated with serum ALT, platelet count, inflammatory activity [Knodell's histological activity index (HAI) inflammatory score], Ishak fibrosis score and baseline viral levels (Table 4 ). The correlation with patient age reached borderline significance. On multivariate regression, only ALT level, platelet count and baseline HCV RNA level remained significant. IP-10 mRNA from liver biopsy samples was quantified for 10 patients who underwent biopsy shortly before therapy and correlated with the contemporaneous serum IP-10 levels for these patients (Figure 2a) .
During treatment, serum IP-10 levels increased on day 2 and declined to near-baseline levels by day 7 (Figure 2b ). The day 2 fold-induction was significantly higher in SD patients than in LD patients (2.65 vs. 1.74, P = 0.035) and correlated inversely with the baseline IP-10 levels (Pearson's r = )0.49, P = 0.005), with little or no induction seen in patients with a high baseline IP-10 ( Figure 2c) .
In both treatment groups, baseline IP-10 levels did not predict treatment outcome. However, in the SD group, the baseline levels were strongly correlated with parameters of response kinetics (first-phase decline, r = 0.68, P = 0.001; second-phase slope, r = 0.62, P = 0.004). No correlation was seen with the response kinetics of the LD patients. As expected, the day 2 fold-induction was highly correlated with the firstphase response in both groups (r = )0.77, P < 0.001). 2 (7) 1 (4) Low dose (LD): one patient needed peginterferon dose reduction for neutropenia, and one patient lost to follow-up. Standard dose (SD): one patient needed peginterferon dose reduction for neutropenia, and three patients withdrawn from treatment for serious adverse events. * Excluded from analysis:
Side effects
Haematological toxicity, manifest as nadir blood counts, as cytopenic indication for dose reduction or the need for growth factor support, did not differ between groups. Fatigue and overall well-being VAS scores were significantly worse during SD treatment than with LD (P = 0. 027 and P = 0.033, respectively). In contrast, depression scores, measured by CES-D, were not different between the two groups (P = 0.95). There were two serious adverse events in the LD group and five in the SD, of which four overall (one in LD and three in SD) were considered treatment-related.
DISCUSSION
In this study, we demonstrate that the efficacy of 24 weeks of treatment with 90 lg ⁄ week of peginterferon alfa-2a and 800 mg ⁄ day of ribavirin was not equivalent to standard therapy, mostly due to higher rates of relapse (25% vs. 11%). Several studies have examined the response of HCV genotype 2 or 3 infected patients to lower doses of peginterferon. These studies differed in the peginterferon used, the dose of ribavirin and duration of treatment, as well as in the methodology of analysis and interpretation. Sood et al.
24 assessed the response of 103 patients infected with genotype 3 to a lower-dose regimen of peginterferon alfa-2b combined with weightbased ribavirin at 10-12 mg ⁄ kg ⁄ day. The SVR rate for patients treated with peginterferon alfa-2b 1 lg ⁄ kg ⁄ week was 78.9%, compared to 92.6% with standard dose (1.5 lg ⁄ kg ⁄ week). The authors interpreted the results as showing equivalence; however, they defined a noninferiority margin of up to 20% in response rates as the significance limit, a choice that could be debated. Similarly, Meyer-Wyss et al. 25 found a difference of 21% (65% vs. 86%) between patients treated with 800 mg ⁄ day of ribavirin and 1 or 1.5 lg ⁄ kg ⁄ week of peginterferon alfa-2b, a difference that was not statistically significant. A nonsignificant difference of 9% was observed in another study. 26 The consistent numerical difference between treatment groups (9-21%) in these studies suggests all had insufficient power to detect statistical significance. Furthermore, non-inferiority hypothesis testing is more appropriate than 'classic' superiority analysis to address this question. To have a power of 80% to prove non-inferiority with the predetermined margin of 10%, we would have had to include 270 patients in each group. Thus, our trial is obviously underpowered. However, the difference of 19% in SVR rates, which is in the same range as previously reported, suggests that the inability to prove non-inferiority hypothesis was not due to lack of power, but actually to true inferiority of the lower dose regimen.
In other studies, different doses of ribavirin and durations of therapy made the comparison with standard therapy difficult. An initial, dose-ranging study of peginterferon alfa-2a monotherapy 27 did not find a difference in efficacy in non-genotype 1 infection between 90 and 180 lg ⁄ week, although the number of patients was small. Abergel et al. 28 found no difference in response rates of genotype 2 or 3 infected patients treated for 48 weeks with 800 mg ⁄ day of ribavirin and 0.75 or 1.5 lg ⁄ kg ⁄ week of peginterferon alfa-2b. A recently published uncontrolled study 29 assessed 135 lg ⁄ week of peginterferon alfa-2a combined with 11 mg ⁄ kg ⁄ day of ribavirin and observed SVR (85%) and rapid virological response (70%) rates remarkably similar to the results in our SD group. These results suggest that the inferior response to a lower dose of peginterferon may be overcome by prolonging treatment duration or by increasing the dose of ribavirin, but direct comparisons were not made. Analysing the early dynamics of viral response to treatment may shed light on the mechanism of the dose response and of the genotypic difference in sensitivity to treatment. We demonstrate a marked effect of peginterferon dose on first-phase decline with no effect on the second-phase slope. These findings are consistent with those of Neumann et al.
11 as well as with the predictions of their model, in which the efficiency (e) of interferon in blocking new virion production (the predominant determinant of the first phase) is dose-dependent. The second-phase slope, although affected to a lesser degree by e, is thought to represent mainly the rate of infected cell loss, by a mechanism yet unknown, and was not found to be dose-dependent. Similar to our results, a study comparing two doses of peginterferon alfa-2b combined with ribavirin in patients with genotype 1 infection 30 found the first phase to be affected by peginterferon dose. The second-phase slope was not explicitly reported, but estimation from the data shown suggests that it was similar between doses.
To examine further the effect of peginterferon dose, we measured the serum levels of IP-10, an interferonstimulated gene. Baseline serum levels of IP-10 have been reported to correlate inversely with SVR rates and rapid virological response. [16] [17] [18] In this study, this correlation was not found, probably because of the very high response rate achieved in genotypes 2 or 3 infection, and the fact that most treatment failures were due to relapse or intolerance to therapy. However, we did find a dose-dependent induction of IP-10, consistent with higher interferon effectiveness with higher doses of peginterferon. In both treatment groups, lower baseline IP-10 levels predicted a greater IP-10 induction on day 2 of treatment and, at least in the SD group, also predicted a greater virological response to peginterferon, manifested by a greater first-phase decline and steeper second-phase slope. These findings are concordant with reports showing that patients who have higher baseline expression of ISGs have a lower rate of response. 15 Thus, patients with chronic activation of the endogenous interferon system appear to have a limited ability to mount a further response to exogenously administered interferon. The lack of an intrahepatic ISG response appears to result in lower response rates for genotype 1 infected patients. However, for patients with HCV genotype 2 or 3 infection, even a less-than-optimal ISG response appears to be sufficient to achieve viral eradication. Although many ISGs are induced by endogenous and exogenous interferon, it remains unclear which specific ISGs mediate the antiviral activity and IP-10 is not necessarily one of those. Most of the published data on ISGs are derived from measurements of mRNA levels in the liver 15 or peripheral blood mononuclear cells. There are little data on serum levels of secreted ISGs in chronic hepatitis C, apart from IP-10, for which baseline and on-treatment levels were shown to correlate with treatment response. [16] [17] [18] Thus, we selected IP-10 as a representative serum marker of baseline and on-treatment interferon responsiveness. All patients who failed initial treatment responded to a re-treatment course of 48 weeks with standard doses of peginterferon and ribavirin (per-protocol analysis). A qualitative comparison of the dynamics of viral response for individual patients to the two doses further supported the differences in viral responses observed between LD and SD groups. Furthermore, patients re-treated with the same dose of peginterferon had identical viral responses, during both the first and second phases, demonstrating the reproducibility of this antiviral response. These findings imply that interferon does not exert a selective pressure on the virus and that resistance to treatment (whether viral-or host-mediated) exists prior to therapy.
In conclusion, we demonstrate a dose-dependent response of patients with HCV genotype 2 or 3 infection, evident in the clinical response rate, viral dynamics and cytokine (IP-10) induction. As the lower dose was only marginally better in terms of tolerability, this regimen is not justified for most patients. However, LD therapy still yields reasonably high response rates, meaning that therapy need not be abandoned if patients cannot tolerate full dose therapy. Furthermore, failures can be successfully treated by a second, prolonged course using the standard dose of peginterferon. The genotypic difference in viral sensitivity to interferon allows patients infected with HCV genotype 2 or 3 to overcome barriers such as low peginterferon dose or pre-existing activation of the interferon system, barriers that play a greater role in the treatment of the more resistant genotype 1.
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